Due to their unique characteristics ionic liquids (ILs) have been extensively used as solvents in enzymatic procedures, proving to be advantageous alternatives to conventional organic solvents. The studies of enzyme behavior in ILs have increased exponentially in the last years and oxidoreductases particularly have recently started to be studied. The association of oxidoreductases with IL is very promising due to the large field of application of these enzymes. The materials are very interesting not only from the analytical point of view but also in the biocatalytic perspective. In this review, we discuss the behavior of oxidoreductases in the presence of ILs, the mechanisms involved in this association and the immobilization of oxidoreductases in composite materials with IL. The performance of proteins with peroxidase activity in ILs is also reviewed. Future trends and perspectives related with the development of biocatalytic studies involving oxidoreductases and ILs are also considered.
Introduction
In the last decade, room temperature ionic liquids (ILs) have gained particular importance in the biocatalysis field, being nowadays generally recognized as promising reaction media. ILs are salts with a melting temperature below the boiling point of water, with negligible vapor pressure and high polarity. Since they are composed of ions, their specific characteristics can be tuned by changing the anion, cation and attached substituents; in other words it is possible to design a specific IL for a particular reaction. However, the importance and safety of ILs are mainly related with particular properties such as nonflammability and nonvolatility as well as good chemical and thermal stability. 1 In the field of enzyme catalysis, ILs have been progressively used in replacement of organic solvents leading in most cases to remarkable results. 2 Klibanov proposed the use of organic solvents in enzyme reactions in order to avoid some of the drawbacks of catalysis in aqueous media. 3 Organic solvents helped in reducing some problems such as the insolubility of hydrophobic compounds and the radical propagation in aqueous solutions. Such solvents were good solvents for enzyme catalysis, offering, in some cases, benefits related with the enzyme stability and selectivity. 4 However, some cases of enzyme inactivation in organic polar solvents have been reported, limiting the applicability of these solvents and demanding specific activity studies. 5 Furthermore, organic solvents exhibit known disadvantages such as human and environmental toxicity and high volatility that make its application in routine procedures difficult.
As a consequence, in the last decade ILs have been extensively used as solvents in biocatalytic processes 6 avoiding classic inactivation phenomena and risks for human health and environment. Most enzymes dissolved in pure ILs show also reduced catalytic activity, due to changes in their conformational state. However, the addition of only small amounts of water to IL can overcome this drawback as the works that exploit these issues have demonstrated.
The research in this field shown that biocatalytic reactions in ILs exhibit higher selectivity, faster rates and enhanced enzyme stability, 7 making this association very promising in the analytical field and particularly interesting for the application in automatic methodologies.
The relationship between ILs and enzyme is not yet very well explained but has been discussed by many authors and in several reviews. 6, 8 Fehér et al. 8 summarized the results from several research groups and pointed out the main explanations for the increased stability of enzymes in ILs.
The polarity of ILs seems to be one of the most important factors affecting enzyme stability and selectivity. Indeed polar solvents increase the solubility of polar substrates and lead to faster and more selective reactions. 9 However, some studies revealed that polarity can affect enzyme activity in a different way so that the enhancement of enzyme activity was already related with the viscosity of ILs. 10 The high viscosity may produce a reduction in the rates of diffusion-controlled processes, including the diffusion rates of redox species.
The hydrogen bond capacity of ILs has been also considered very important for protein stability and maintenance of its native structure. 11 The classic enzyme thermal unfolding can be prevented by the entrapment of enzymes, with small amounts of water, in the hydrogen bond network of ILs. 8 The suppression of side reactions due to the decrease of water in the reaction media has also been associated with the increased yield of enzymatic reactions in ILs. 12 Even though the investigations in the field of biocatalysis in ILs began by the replacement of organic solvents, nowadays there are studies involving biphasic solvents in which water-miscible IL are used in aqueous systems. Regarding biphasic systems, the possibility of enzyme reutilization has already been studied with success. 12 There is also the possibility of working in three phase systems in which ILs, organic solvents and water can be associated to modulate the solubility of substrates and enzyme activity. 13 The first study describing an enzymatic reaction in ILs involved the use of a protease thermolysin for the synthesis of Z-aspartame, with similar reaction rates but higher enzyme stability than those obtained in traditional organic solvents. 14 After this, many works involving the use of proteases and lipases in ILs have been developed, confirming the advantages of these solvents in biocatalysis. 6, 15 Oxidoreductase enzymes have also been studied in IL media in recent years but not so extensively. However, this association is very promising due to the wide field of application of these enzymes. Oxidoreductases play an essential role in the metabolism of living cells and represent about 25% of the known enzymes. To this group belong all enzymes catalyzing oxido-reductions namely: peroxidases, oxidases, dehydrogenases and catalase, among many others. 16 The interest in oxidoreductases is related with the nature of the processes in which they are involved. Indeed these enzymes catalyze difficult reactions such as selective oxidations and reductions of organic molecules, so their application in oxidative biotransformations is of the highest importance in the environmental field. 17 Furthermore, oxidoreductases are largely used in organic synthesis; they are involved in the production of chiral compounds, modification of ketones, alcohols and aldehydes and are extremely important in the pharmaceutical area. 18 Peroxidases are the most studied oxidoreductases due to their ubiquitous distribution in nature and their ability to efficiently catalyze the oxidation of several substrates. The application of peroxidases in synthetic organic chemistry and their involvement in sulfoxidations and epoxidations of several substrates are particular important and appealing. Horseradish peroxidase (HRP) in particular is able to produce a great variety of useful compounds, exhibiting the broadest specificity for oxidative dehydrogenation. 19 Chloroperoxidase is a unique enzyme that catalyzes not only the reactions of peroxidases but also those of catalases and monooxygenases, being involved in the halogenation of aromatic compounds like phenols and anilines. 20 Oxidases are a very appealing class of enzymes because they use oxygen as the only oxidant without the need for a cofactor. 16 One of the most important enzymes of this class is glucose oxidase. It is a highly specific enzyme that catalyzes the oxidation of glucose to gluconic acid and hydrogen peroxide; this material is often used as a model enzyme in analytical chemistry and biochemistry. The enzyme became commercially important and has found a variety of applications in the food, chemical, pharmaceutical and clinical areas. Even though its incorporation in glucose biosensors is one of the most promising utilizations, the involvement of glucose oxidase in the industrial production of gluconic acid is of even more importance. 21 Laccases are multi copper-containing oxidases for substituted phenolic compounds and aminophenols among other reductive compounds. 22 These enzymes are widespread in nature and have gained increasing attention as synthetic catalysts in the last years, being very promising for biocatalytic transformations. Laccase activity has been measured by the evaluation of oxygen consumption and spectrophotometric estimation of several chromogenic substances.
The group of alcohol dehydrogenases (ADH) is of prime interest in the industrial field due to their involvement in the production of chiral alcohols, hydroxi acids and their esters or amino acids. The routine utilization of these enzymes demands the cofactor regeneration but can achieve high enantioselectivity and broad substrate specificity. 16 
Oxidoreductase Activity
Several studies regarding the evaluation of oxidoreductase activity in ILs have been published in recent years. Even though the majority of the works involved the study of HRP behavior in imidazolium-based ILs, some specific situations can be found in the literature showing the enormous potential of investigation in this field.
In the enzyme exhibited activity when the IL was saturated with aqueous buffer. Regarding the peroxidases assay, the enzyme activity was similar to that observed in the presence of acetonitrile. These findings opened up promising perspectives for the use of ILs in oxidative biotransformations and can be the basis of future analytical procedures with reduced environmental risks.
Okrasa et al. 23 performed a study in which the possibility of applying peroxidases and oxidases as catalysts in the chemo and stereoselective oxidation of sulfides in the presence of ILs was explored. The interest of the work is related with the low solubility in water of the organic substrates involved in the glucose-peroxidase catalyzed sulfoxidation of thioanisoles. The activity of the enzymes in [BMIM] [PF6] was evaluated through the spectrophotometric measurement of glucose disappearance. The effect of water concentration on the conversation of thioanisole to sulfoxide was also evaluated. The results showed that the enzymes exhibit activity in [BMIM] [PF6] and that the obtained sulfoxides showed a stereoselectivity similar to that obtained in water. Moreover the possibility of IL recovery makes the strategy very interesting environmentally. In this case the utilization of ILs showed to be particularly interesting for water insoluble products.
The thermal stability and activity of HRP in imidazolium based ILs was studied by Machado and Saraiva. 24 The same reaction was used by Sgalla and coworkers to study the reactivity of HRP with water insoluble phenolic substrates in [BMIM] [BF4]/water mixtures. 5 The methodology was modified in order to introduce [BMIM] [BF4] in the reaction media with the aim of increasing the solubility of the water insoluble phenols. The reactions with these compounds were monitored with TLC until the disappearance of the starting material, and the products were checked by GC/MS. The effects of DMSO and DMF in the same reactions were also evaluated for comparison purposes. The results of these studies showed that enzyme retained catalytic activity up to 90% IL in water, for pH values higher than 9. Regarding the reactions with water insoluble phenolic compounds, the distribution of the products was narrower than those observed in aqueous mixtures with DMSO and DMF; in the particular case of 4-phenylphenol ortho dimer 2,2¢-bi-(4-phenylphenol), a high yield of the desired product was obtained.
The authors concluded that [BMIM] [BF4]/water mixtures may provide a suitable reaction medium for peroxidase coupling with water insoluble substrates.
A study involving the evaluation of HRP in a rationally designed IL was performed in 2007 by Das et al. 26 The enhanced activity of HRP in the presence of tris(hydroxymethyl)aminomethane (TRIS) led the authors to design novel ILs specific for the enzyme. The reactions of oxidation of guaiacol and asymmetric sulfoxidation of thioanisole were used to evaluate the activity of HRP in the IL tetrakis(2-hydroxyethyl)ammonium triflouromethanesulfonate (IL8). The results showed that activity of HRP in IL8 increased 30 -240 fold compared to that observed in other ILs. Moreover the authors stated that the development of tailor made solvents for enzyme catalysis can be very promising since the enzyme exhibited not only enhanced activity but also increased selectivity. These results are extremely interesting from the analytical point of view and can encourage the development of new methodologies with increased sensitivity.
Kumar and coworkers studied the biomimetic oxidation of veratryl alcohol, a model compound for lignin substructures, with hydrogen peroxide catalyzed by HRP in [BMIM] [PF6]. 27 The objective of this work was the study of enzyme stability and activity in the referred IL. The yield of the reaction was similar to that in aqueous solution but the stability of HRP was higher and the enzyme could be reused with appreciable activity up to five cycles. The high reaction yield was related with the noncoordinating nature of ILs, which may stabilize the highly charged iron-oxo intermediate generated in the reaction. This study helped to overcome the poor stability of HRP in the presence of an excess of hydrogen peroxide which is a limiting factor for its industrial use in delignification.
Very recently researchers developed a method based on the insertion of water/[BMIM][BF4] mixtures in an automatic flow system. 28 This strategy represents the first attempt to introduce an IL in a sequential injection analysis (SIA) system and led to a fast and robust procedure to evaluate HRP activity. The methodology was based on the implementation of the 4AAP-phenol assay in the SIA system, using 1-naphtol as substrate.
The comparative study of the enzyme activity in methanol revealed that HRP activity increased significantly when the assay was performed in water/[BMIM][BF4] mixtures. SIA proved to be an adequate and advantageous technique for the automatization of this kind of assay since it minimizes the consumption of reagents and production of effluents.
The activity of chloroperoxidase from Caldariomyces fumago in a biphasic system, composed of citrate buffer and IL mixtures, was studied by Sanfilippo et al. 20 The enzyme catalyzes the oxidation of 1,2-dihydronaphthalene using t-butyl hydroperoxide as oxygen donor. Several ILs in which the substrate was soluble were considered in this study; all were water-miscible (except [ The performance of D-amino acid oxidase (DAAO) in the presence of several water miscible and water immiscible ILs was evaluated by measurement of oxygen consumption with a Clark electrode and the generated hydrogen peroxide was identified by peroxisase-o-anisidine assay. 18 The study involved the association of DAAO with catalase in order to eliminate generated hydrogen peroxide avoiding the decarboxylation of aketo acid as well as the inactivation of DAAO. The known advantages of using biphasic systems in reactions catalyzed by ADH led to the development of several studies involving the use of ILs as second phase. The enantioselective reduction of 2-octanone, catalyzed by a NADPH-dependent ADH from Lactobacillus brevis, was used to evaluate the activity of the enzyme in a biphasic system consisting of aqueous buffer and IL [BMIM][(CF3SO2)2N]. 29 The work also comprised a comparative study with the results obtained from the reduction in a biphasic system containing buffer and methyl tert-butyl ether (MBTE). The enzyme exhibited activity under the described conditions; due to favorable partition coefficients of 2-propanol and acetone, the reaction showed higher reaction rates compared to the reaction in the presence of MBTE. This fact is related with the faster cofactor regeneration that is the rate-limiting step of the studied reaction.
Walker and Bruce studied the activity of cofactor-dependent enzymes in functionalized ILs. 30 The work was based on the evaluation of NADP + -dependent morphine dehydrogenase, acting upon codeine, with cofactor recycling using either ADH from Thermoanaerobium brockii or glucose dehydrogenase from Cryptococcus uniguttulatus. The determinations were performed at 37˚C in the presence of several ILs with different water percentages, synthesized by combinations of different cations and anions. Primary analysis was performed by 1 H-NMR and the presence and identification of the formed ketones was confirmed by FT-IR spectrometry. The results showed that even though the catalytic activity in aqueous environment exceeded that in ILs, the product yield in water was much smaller due to hydrolysis of the formed products. The authors observed significant differences among the studied ILs and they concluded that combination of a moderately hydrophilic cation with a hydrophobic anion in IL 1-(3-hydroxypropyl)-3-methylimidazolium hexafluorophosphate ([PMIM][PF6]) was good for the activity of all the involved enzymes leading to improvements over conventional ILs and molecular organic solvents. Furthermore, it was possible to conclude that the anion appears to be the primary determinant for enzyme compatibility. This fact is still not totally explained but has been associated with the existence of enzyme-compatible anions with lower hydrogen-bond basicity that minimize interference with the internal hydrogen bonds of the enzyme, allowing it to keep its native structure. 6, 9, 10 With this study it was demonstrated that the advantageous utilization of ILs is dependent on the rational design of these solvents for biocatalytic procedures.
The catalytic characteristics of horse liver ADH, using ethanol as substrate, in a medium containing [BMIM]Cl were studied by Shi et al. 31 The IL was used with the aim of increasing the enzyme activity; the results showed that even though the enzyme was highly affected by [BMIM]Cl above 0.15 g mL -1 , below this concentration the activity was higher than that in the media without IL. Regarding temperature and pH, the enzyme behavior is similar in the presence and in the absence of IL, but the thermal stability was improved in the presence of low concentrations of 32 In this case the assay was performed at 30˚C in Tris-HCl buffer pH 8.8 containing IL. The enzyme exhibited higher oxidation activity towards ethanol in the system containing 0.05 g mL -1 [BMIM]Cl, 0.025 g mL -1 [BMIM] [PF6], 0.05 g mL -1 [BMIM]Br and 0.025 g mL -1 [EMIM]Cl. However, the authors reported a significant fall in activity in the presence of excessive amounts of the ILs and related this fact with enzyme inactivation due the protein structure shift. This was confirmed by studies of enzyme conformation with UV technique. The activity decrease was also associated with the high viscosity values of the systems, that limit the mass transfer of substrates and products. Furthermore, as mentioned before in other works, 30 it was noticed that the anion of the IL has major influence on ADH activity as well as on kinetic parameters.
Gonzalo et al. 33 performed a research involving the assessment of ADH from Rhodococcus ruber activity in hydroxylfunctionalized water-miscible ILs. The assays of asymmetric biocatalytic reduction of ketones with ADH were performed in two phase systems with ILs and Tris-buffer and in monophasic systems consisting of hydroxyl-functionalized ILs, with the aim of increasing the solubility of the substrates. Such ILs mimic the Tris-buffer usually used in these assays and are watermiscible.
The IL tris(2-hydroxyethyl)methylammonium methylsulfate [MTEOA] [MESO4] was shown to be an appropriate solvent even at 90% (v/v) and allowed the utilization of high substrate concentrations between 1.2 and 1.5 mol L -1 . This work opened new perspectives on the use of redox enzymes and water-immiscible substrates.
The enzymatic reduction of ketones with cofactor recycling catalyzed by ADH from Rhodococcus erythropolys was performed in the presence of water miscible and immiscible ILs and organic solvents, 34 in biphasic systems. The association with glucose dehydrogenase allowed the asymmetric reductions of ketones to their correspondent alcohols and cofactor recycling through the oxidation of glucose to gluconic acid. The presence of [BMP] [NTf2], a water immiscible IL, resulted in a dramatic improvement in the reaction performance, opening the possibility of industrial application due to an excellent increase in the maximum product concentration. Moreover the half-life of each enzyme was increased to more than 250 h in the presence of 10% (v/v) [BMP] [NTf2], the initial rate of the reaction increased more than four times and the product of the reaction could be readily isolated. In the tested reactions the presence of ILs did not lead to changes in the enzyme enantiomeric selectivity. Generally, the results showed that of the eleven ILs tested in the case of 6-Br-b-tetralone, five led to rates and conversions similar or better than those of the best organic solvent. Furthermore, in the case of 4¢-Br-2,2,2-trifluoroacetophenone reduction, four ILs proved to be better than the best organic solvent but all of them led to higher conversions. This work helped us to realize that several aspects must be considered when selecting an IL for a specific reaction occurring in biphasic systems namely: the solubility of the substrate in both phases, mass transfer rates to the aqueous phase and enzyme stability.
Activity of Oxidoreductases Immobilized in Composite Materials Based on Ionic Liquids
The immobilization of enzymes in solid materials is a good alternative for routine implementation since it allows good catalytic activity and enzyme reutilization, leading to a significant reduction of analysis cost. 35 The immobilization of enzymes is in most cases performed by bonding to a solid support or by incorporation in a substance on the surface of electrodes. When the immobilization is performed on a solid support, the enzyme is fixed to the solid surface by interactions between the enzyme and the matrix. 36 In 2004, Turner et al. proposed two methods for introducing enzymes in cellulose matrixes based on the dissolution and regeneration of cellulose in ILs. 37, 38 In both cases cellulose composite materials were prepared by specific procedures involving dissolution of cellulose in [BMIM]Cl. The enzyme was then dispersed in 1-(2-hydroxy-propyl)-3-methylimidazolium chloride, protonated methylimidazolium chloride or 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([BMIM][NTf2]). 37 In the other case there was a further activation step with glutaraldehyde and the enzyme was attached to the amine groups incorporated in the developed composite materials. 38 The performance of the resulting materials (membranes, films or beads) as supports for enzyme entrapment 37 or surface-immobilization 38 was evaluated through the determination of laccase activity by the syringaldazine oxidation assay. The proposed entrapment procedure resulted in low-leaching bioactive films. 37 Furthermore, the enzyme retained its activity by cold processing due to the unique characteristics of ILs that prevented thermal denaturation of the enzyme. The treatment of the enzyme with a hydrophobic IL resulted in an increased protection of the enzyme residual water during processing, allowing higher activity rates. The activity of surface-immobilized laccase 38 was similar to or higher than that of the entrapped enzyme described before. The performance of these materials was compared to other commercially available products and their applicability as sensing devices for several compounds (polyphenols, aromatic amines) has also been established. These new immobilization procedures proved to be very interesting for the development of sensors that, due to their characteristics, could be easily incorporated in automatic flow analysis systems.
The electrochemical properties of IL have been exploited and studied and many works can be found involving the incorporation of enzymes in biosensors composed of different solid supports and ILs (Table 1) . These solvents have proved, since their initial utilization, to be an excellent choice for electrochemical procedures since they display a wide electrochemical potential window and high ionic conductivity as well as good solvent transport properties. 1 These factors led to the development of biosensors in which the IL facilitates the interaction between substrate and enzyme, avoiding the use of mediators. There are several works regarding the development of these biosensors [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] as well as their analytical performance or feasibility. 41, 43, 45, 47, 48 The majority of the developed works involve the immobilization of HRP or glucose oxidase in different solid supports treated with imidazolium based ILs. 39, [41] [42] [43] [44] [45] [46] [47] [48] Generally, the resulting materials were then casted on the surface of glassy carbon or gold electrodes and used in studies of enzyme stability and activity.
The electrochemical and bioelectrochemistry properties of IL in carbon composite materials were studied by Zhao and coworkers by immobilization of HRP and microperoxidase in carbon nanotubes-IL and carbon microbeads-IL composite materials, on electrode surface. 39 AC impedance and cyclic voltammetry measurements were used to study the conductivity properties of the developed electrodes. Both electrodes allowed an efficient electron transfer between electrode and protein and catalyzed the reduction of oxygen and hydrogen peroxide. The authors concluded that the association of carbon composite materials and ILs is very interesting and promising since they can act as modifiers in the direct electrochemistry of the protein.
Liu et al. 40 selected HRP as a model enzyme and encapsulated it for the first time into an IL-based sol-gel matrix (HRP-IL@ GEL). [BMIM] [BF4] was used as solvent and the resulting sensor exhibited dramatically enhanced activity and better thermal stability. Transmission electron microscope images revealed that the enzyme was enwrapped by IL during sol-gel immobilization so that it was protected from the negative effects of ethanol or other solvents, resulting in increased activity. This fact is also connected with the high thermal stability of the immobilized enzyme, since protein molecules in the confined space of the host matrix presented reduced denaturing thermal motion during the thermal treatment process. Furthermore, it was noticed that the presence of IL prevented the cracking of the sol-gel glasses.
The results of the described work are in the basis of the development of an amperometric biosensor based on an IL solgel matrix. 41 For the preparation of the biosensor IL, sol-gel matrix and enzyme were dropped on the surface of the electrodes that were then used as amperometric hydrogen peroxide biosensors. In the presence of ferrocene, the resulting electrodes retained high activity of HRP and presented longterm stability. The fast response of the electrode was associated with the uniform porous structure of the IL-sol-gel matrix that resulted in a fast diffusion of the substrate from the bulk to enzyme. [BMIM] [BF4] provided a very special environment around the enzyme, creating a promising strategy for the development of biosensors.
Yu et al. 42 found that imidazolium based ILs form molecular films on the surface of glassy carbon electrodes, resulting in electrodes that can be useful for electrochemical applications such as electrocatalysis. To evaluate the possible applications of the IL electrodes, HRP was added to the IL aqueous solution and the electrode surface was then immersed in the resulting mixture.
The formed molecular films showed striking electrochemical properties such as electrocatalysis towards ascorbic acid and facilitated the direct electron transfer of HRP, [BF4] was used to develop a HRP biosensor based also on the direct electron transfer between the enzyme and the electrode. 43 The resulting film provided an excellent environment for HRP biosensor in which [BMIM] [BF4] can facilitate the electron transfer due to its good conductivity. The biosensor stability was associated with good biocompability and film-forming ability of chitosan and the strong interaction between chitosan, IL and HRP. The developed biosensor exhibited also good sensitivity and reproducibility, low detection limit and wide linear range. UV-vis spectroscopy studies revealed that HRP entrapped in the composite film retained its native structure.
A composite film based on Nafion and hydrophobic IL [BMIM][PF6] was developed and studied by Chen et al. 44 Nafion has been extensively used for the modification of electrode surface and in this case was used as a binder to adhere IL on the electrode surface. The preparation of HRP/Nafion-IL films was performed by dispersing the enzyme in [BMIM] [PF6], the solution being mixed with Nafion afterwards. Several studies confirmed that this composite material provides an excellent matrix for HRP, facilitating the direct enzyme electrochemistry. Indeed, a pair of well-defined redox peaks of HRP was obtained through direct electron transfer between the protein and the electrode. These experiments can be the basis of many applications involving biosensors and biocatalysis; they present a potentially excellent tool for chemical analysis.
The activity and stability of HRP in [BMIM] [BF4] was studied by Wang and coworkers by electrochemical studies. 45 HRP was immobilized in agarose hydrogel in order to increase the enzyme activity towards hydrogen peroxide to demonstrate the use of HRP on non-aqueous biosensing. Even though the resulting electrode showed no activity in anhydrous [BMIM] [BF4], the enzyme was active in the presence of small amounts of water (4.53% v/v). These results are related with the IL low water content that led to enzyme inactivation. The immobilized enzyme was found to possess excellent activity at 65˚C, being very stable and sensitive for the determination of hydrogen peroxide.
Li et al. 46 evaluated the direct electrochemistry and electrocatalysis of HRP immobilized in a surfactant-IL composite film. A mixture of gemini surfactant (dodecyl-a,w-bis-(dimethylcetylammonium bromide), C16-C12-C16), hydrophobic IL 1-octyl-3-methylimidazolium hexafluorophosphate ([OMIM][PF6]) and HRP was transferred to the surface of the electrode. The developed studies confirmed that immobilized HRP presents almost the same structure as the natural HRP. The electrode exhibited a pair of well-defined, stable and reversible voltammetric peaks, showing good catalytic response to oxygen and hydrogen peroxide. The authors confirmed that the developed composite material facilitates the direct electron transfer of immobilized HRP, so that the gemini surfactant-IL system can be an excellent tool for studying direct electrochemistry of redox proteins.
In 2005, Zhang and coworkers developed a method involving the electrochemical functionalization of single-walled carbon nanotubes (SWNTs) in an IL-supported three-dimensional network electrode. 47 The authors reported for the first time the utilization of an IL to overcome the difficulties of the functionalization of SWNTs in large quantities.
The experimental procedure consisted of mixing [BMIM] [PF6] and a specific amount of SWNTs with agate mortar to form a gel phase that was then introduced into a gold electrode. Glucose oxidase was covalently immobilized on the SWNTs and the resulting electrode was used to perform the determination of glucose in biological samples through its electrocatalytic oxidation. With this work the authors open a new path for the functionalization of SWNTs and propose a possibility for their biological applications.
An amperometric biosensor based on the immobilization of glucose oxidase in polymerized IL 1-vinyl-3-ethyl-imidazolium bromide ([ViEtIm]Br) was developed and studied by López et al. 48 The polymerized IL was prepared using the concentrated emulsion polymerization pathway 49 and glucose oxidase was added to the aqueous phase of the emulsion. The resulting microparticles were placed on the treated surface of a platinum electrode and covered with a dialysis membrane. After the optimization of the parameters affecting biosensor behavior (pH, temperature and enzymatic load), it was successfully applied to glucose determination in human serum samples, retaining 100% of the initial response after 5 months. Studies in phosphate buffer and acetonitrile-phosphate buffer showed that the developed biosensor can be used in both aqueous and nonaqueous media.
Imabayashi et al. 50 studied the effect of IL on the electrocatalytic reaction of glucose oxidase modified with phenothiazine (PT)-labeled poly(ethylene oxide) (PEO). Phenothiazine was attached to lysine residues on the enzyme surface through long and flexible PEO chains in order to promote faster electron transfer and to increase the solubility of enzymes in IL. The electrocatalytic properties of modified glucose oxidase in water/[BMIM][BF4] mixtures was compared with those of native glucose oxidase. It was observed that the modification of glucose oxidase with PT-PEO increased the solubility of the enzyme, promoted the catalytic current and decreased the effect of diffusion reduction due to high viscosity of IL. The possibility of performing the electrocatalytic reaction of glucose oxidase in pure IL systems was also evaluated by increasing the number of modified PT-PEO groups, and it was concluded that further studies must be performed since there is a considerable reduction in the relative enzyme activity.
The influence of ILs on the direct electrochemistry of glucose oxidase entrapped in nanogold-N,N-dimethylformamide-IL composite film was studied by Li et al. 51 in order to open new perspectives on the utilization of biocompatible materials to promote the direct electrochemistry of redox enzymes. Several ILs were tested and it was observed that when [ Generally, the authors stated that when the hydrophobicity of the ILs became stronger, the electroactivity and thermal stability of immobilized glucose oxidase increased.
Liu et al. 52 developed a laccase biosensor based on the immobilization of the enzyme in a three-dimensional and porous carbon nanotube-IL (CNTs-IL) gel film. [BMIM] [PF6] was used as solvent to disperse CNTs. The nanocomposite modified electrode was obtained by immersing the electrode into a solution containing laccase. The electrochemical behavior of the resulting electrode was studied in a solution containing ferricyanide and the electron transfer capacity was investigated by impedance experiments. The authors observed that laccase hybrid nanomaterial retained biocatalytic activity and exhibited higher thermal stability due to the IL microenvironment. Moreover, the CNTs-IL graphite electrode presented higher conductivity, better biocompatibility and larger surface area than the bare graphite electrode.
These features make the proposed material very promising for the development of bioelectrochemical devices that can be incorporated in analytical methodologies or even in automatic systems.
Behavior of Proteins with Peroxidase Activity in Ionic Liquids
Several biological proteins like hemin and cytochrome c (Cyt c) exhibit physiological peroxidase activity, acting like redox enzymes. Since they can serve as models for biotransformations in biologic systems, many studies involving the activity of these proteins have been performed. 53 Like enzymes, the catalytic activity of heme proteins as well as their structure is strongly affected by the solvents used as reaction media. Based on such properties, IL became a good choice for the biocatalytic processes involving proteins with peroxidase activity.
In Hemin and microperoxidase-11 showed higher activities in the presence of ILs compared to methanol and DMSO and Cyt c activity was similar in both situations. None of the tested proteins showed preference for any particular IL.
Several studies regarding the direct electrochemistry and electrocatalysis of several heme proteins have been published in recent years. Among these works studies including the utilization of non-aqueous media such as IL can be found. The mechanism of electron transfer from protein to the electrode surface and the electrocatalytic reactions involved can be used as a model to understand these mechanisms in biological systems. 55 55, 58 have been used as support for the immobilization of several heme proteins.
The resulting materials were then coated on the surface of glassy carbon electrodes that were used to evaluate the electrochemistry and electrocatalysis of the proteins.
Wang and coworkers entrapped hemoglobin, Cyt c, myoglobin, catalase or HRP in agarose hydrogel films and ILs and evaluated the electrocatalytic performance of the developed electrodes. 55, 56 In [BMIM][PF6] the direct electron transfer between electrode and proteins was confirmed and the proteins were able to catalyze the electroreduction of trichloroacetic acid and tert-butyl hydroperoxide. 55 The entrapped proteins were characterized by UV-vis and FTIR spectroscopy and it was observed that all the proteins retained their native structure. The electrochemical study involving [BMIM] [BF4] demonstrated that the immobilized proteins showed high electrocatalytic activity toward hydrogen peroxide and confirmed the direct electron transfer. 56 As in other cases a small amount of water in [BMIM] [BF4] was needed to keep the electrochemical activity of the studied proteins. 45 A similar study to the one involving the use of a composite material based on chitosan and [BMIM] [BF4] for the immobilization of HRP 43 was performed by Lu et al. 57 for the study of the direct electrochemistry and electrocatalysis of hemoglobin. As described before a glassy carbon electrode was coated with a mixture of chitosan, IL and hemoglobin and the coated electrode was used for the evaluation of the electrochemical properties. The direct electron transfer between hemoglobin and electrode was confirmed by a pair of well defined peaks of hemoglobin and the biocatalytic activity towards oxygen trichloroacetic acid was dramatically enhanced. Moreover, thermogravimetric and UV-vis studies revealed that the proteins showed higher thermal stability than in the absence of IL and exhibited excellent stability and biocompatibility.
The electrochemistry and electrocatalysis of hemoglobin were also studied in IL modified carbon paste electrode. 59 For this purpose the surface of a carbon paste electrode, containing graphite powder and N-butylpyridinium hexafluorophosphate ([BP][PF6]), was coated with hemoglobin solution and then casted with CaCO3 nanoparticles and Nafion film. The studies with the modified electrode showed that the protein kept its native structure in the film and exhibited good electrochemical behavior adequate for analytical purposes.
Indeed, the hemoglobin electrode showed excellent electrocatalytic activity towards hydrogen peroxide, trichloroacetic acid and sodium nitrate. The presence of [BP] [PF6] in the carbon paste electrode resulted in a highly conductive and biocompatible matrix, with high analytical potential.
In an attempt to clarify the influence of ILs on the direct electrochemist of proteins and enzymes, Du et al. 58 performed a systematic study of the electrochemistry of heme proteins when incorporated in SWNTs-IL modified glassy carbon electrodes.
[BMIM][BF4] and [BMIM] [PF6] were chosen for the preparation of the electrode X-ray photoelectron and Raman spectroscopies demonstrated that the formation of the nanocomposite occurs by adsorption of the imidazolium ion on the surface of the SWNTs. The developed procedure led to highly stable electrodes that were used for the immobilization of myoglobin, Cyt c and HRP. The authors confirmed the direct electron transfer and concluded that the imidazolium ion has a major influence on the electrochemical behavior of the studied proteins and enzyme. This fact was related with the electrostatic interaction between proteins and ILs due to charge difference, showing that ILs themselves do not promote direct electron transfer.
Conclusions and Future Trends
The aforementioned works and researches illustrate the potentialities of ILs as reaction media for biotransformations involving oxidoreductase enzymes. As demonstrated above, correctly chosen ILs can provide the ideal conditions for the activity of free or immobilized oxidoreductases. Furthermore, the possibility of developing tailor made ILs for each application opens more promising perspectives in terms of fundamental studies and analytical applications.
Regarding the activity of oxidoreductases in biphasic systems, ILs seem to be a very promising option in many analytical and synthesis applications since they can be used as solvents in important oxidative biotransformations. However, it seems that even though the advantages are outstanding, much work must be done in order to clarify some mechanistic aspects, allowing the development of more consistent procedures that can found application in large scale routine processes. Moreover, generally the partitioning behavior of substrates and products through the reaction as well as the possibility of recycling enzymes and cofactors must be the object of further investigations in order to benefit from the enormous potential of biocatalysis in ILs.
The advantages related with utilization of IL in the development of composite materials for the construction of biosensing devices has been exposed and confirmed. The results of the direct electrochemistry of proteins and enzymes are conclusive and can be the basis for the development of biosensors, biomedical devices, enzymatic reactors and biofuel cells among others.
The perspectives of interesting developments in this field seem to be related with the tuning ability of ILs and also with the possibility of associating these with an enormous variety of matrixes for the development of electrodes with better characteristics.
The wide field of applications of oxidoreductases and the interesting results exposed above demand the development of new procedures and studies involving the analytical potential of these enzymes. It is obvious that the increased oxidoreductase activity and thermal stability in ILs can provide the ideal conditions for the development of analytical methodologies with increased sensitivity.
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